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ABSTRACT

The paper presents an efficient scheme for a Nonlinear PID (NPID) controller to improve the dynamic
response of the Electric Vehicle (EV). The objective of the proposed controller is to track accurately the
reference speed selected by the driver of the EV. A MATLAB/Simulink model is established and validated
for the considered EV to study the system performance. The proposed NPID controller has been investigated
by comparing it with the traditional PID controller. The optimal parameters of Both the NPID and PID
controllers were obtained using the Harmony Search (HS) optimization technique based on a cost function.
The desired rise time, settling time, steady-state error, and overshoot have been taken into account in the
cost function. Two tests were performed, the first test was implemented at fixed reference speed while the
second one was carried out at a staircase command of reference speed. The simulation results can be
summarized as follows: in the first test, the NPID controller reaches the steady-state speed at 38.12 seconds
while the PID controller stabilizes at 44.68 seconds. Moreover, the NPID controller has a 0.5% steady-state
error however, the PID controller has a 4% steady-state error. Besides, the second test shows that the NPID
controller can decrease the root mean square of error by 30.1% compared to the PID controller. Lastly, the
proposed NPID controller can enhance EV performance significantly.

1. Introduction

In recent years, several countries and global organizations seek to enhance the use of Electrical Vehicles (EV). This is to overcome the pollution problems
and to decrease the dependence on petroleum fuel energy (Franchi and Mallet 2017). However, due to the high cost and short lifetime of batteries, the EV
has just 0.02 % of the global vehicles by the end of 2012 (Gong, Liu, and Tang 2013). Nowadays, batteries manufacturing technology has been developed
to get a longer life period and faster charge time (Zhu et al. 2012).

There is a considerable wealth in the literature having the EV models (As examples: references (Gaurav and Gaur 2020), (Dinc and Otkur 2020)). Usually;
The complexity of the model depends on the required accuracy and the parameters needed to be studied. The model presented in this study has been
developed to be simple enough to save execution time and memory space and at the same time it is complicated enough for studying accurately the behavior
of the needed parameters.
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The EV system can split into two main subsystems: the first subsystem presents the mechanical transmission and wheels (Stankovi et al. 2014), while the
second represents the electric motor, battery, and speed controller (Press et al. 2013). The objective of the speed controller is to regulate the EV under a
reference speed selected by the driver.

Several control techniques can be implemented for regulating the EV speed (Technology 2015): For example, the classical PID control which is used in
various engineering applications (Mohamed A. Shamseldin, Sallam, Bassiuny, and Ghany 2019). The conventional PID control is suitable for linear and
simple systems (Bingul 2018), but it gives a poor performance for most of the complicated nonlinear systems, and also, it is not valid through systems
having different operating points (Aghdam et al. 2017).

More advanced control techniques can be used to overcome the mentioned problems of conventional PID control (M.A. Shamseldin, EI-Samahy, and Ghany
2017). One of these techniques is fuzzy logic where it can solve the problems of nonlinearity and uncertainty (Mohamed A. Shamseldin et al. 2018). On
the other hand, a fuzzy-logic control system needs previous experience for systems, which sometimes is not available. Also, it lacks sufficient capacity for
the new rules (Hurtik, Molek, and Hula 2020).

Using neural-network in designing a control system has the advantage of a strong ability to solve the structured uncertainty and the disturbance of the
system, but it requires more computing capacity and data storage space (Moore, Berger, and Song 2020), (Siegel 2020). Sliding mode (SM) control is
suitable for nonlinear systems and has the advantages of having a fast response, unaffected by disorders, and variable operating points (Upadhya 2017),
(Rajabi and Hossein 2018). The main disadvantage of SM control is the shuttering signal of controller output which leads to difficulties to implement it
practically (Engineering and Issn 2017).

Generally, the EV is a complex nonlinear system, and accordingly using the classical PID controller may not give satisfactory results. This study presents
an advanced proposed nonlinear PID (NPID) controller with nonlinear gains incorporated with the fixed gains of the classical PID controller (Ren, Li, and
Zhang 2010). These nonlinear gains enjoy the advantage of high initial gain to attain a fast dynamic response, followed by a low gain to prevent an oscillatory
behavior (Zheng, Su, and Mercorelli 2019). Many studies confirmed that the Harmony Search (HS) optimization technique can reach the optimum solution
more efficiently compared to other optimization techniques(Pathak and Sengupta 2020).

The main contribution of this paper is the design and implementation of a new form of a nonlinear PID control for the speed of an EV. A validated EV
model has been developed and a tuning system using the HS optimization technique is considered to obtain the optimal values for the controller parameters
based on an effective cost function. A comparative study between the performance of the proposed NPID controller and that of the classical PID controller
is also introduced.
The paper has been organized as follows: firstly, the simple electric vehicle model is presented. Secondly, the proposed control technique is demonstrated.
Thirdly, the simulation results are illustrated. Finally, the conclusion is discussed.

Nomenclature

A system matrix

B input matrix

BW bandwidth factor

HMCR harmony memory consideration rate
HMS  harmony memory solution

1 vehicle inertia
m motor inertia
K spring constant for connection rotor
K back EMF constant
K; integral gain
K,i(e) nonlinear vector gain (i=1,2,3)
K, torque constant
K4 derivative gain
K, proportional gain
L. motor inductance
M, overshoot
PAR pitch adjustment rate
R motor resistance
S linear vehicle displacement
b spring damping for connection rotor
b, vehicle damping
I gearing ratio between motor and tire - meters travelled per radian of motor rotation
ts rise time

the rated voltage
v linear car velocity
W,y wheel rotational speed
w; nonlinear constant gains (i=1,2,3)
Wy, rotational motor speed

state vector

https://digitalcommons.aaru.edu.jo/fej/vol2/iss1/4
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B weight factor
0, wheel rotational displacement
(. motor rotational displacement
T Time constant of a lag between motor torque and car velocity

2. The proposed electric vehicle model

This section demonstrates the mathematical model equations for EV. Fig. 1 shows the main components of the considered EV, which are: brushed DC motor,
battery, speed controller, Mechanical transmission (gears), and tires. Table 1 shows the parameters and their values for this EV. Besides, Fig. 2 illustrates its

free body diagram.
—
- Yehicle Direction

DC Motor Controller

il

Gears

Fig. 1 - Block diagram of electric vehicle main components.

Table 1- Electric vehicle parameters.

No. DC motor parameters

1 R 0.1 Motor resistance (ohm)

2 L 0.01 Motor inductance (Henrys)

3 Ky 6.5*10"-4 Back EMF constant (Volt-sec/Rad)

4 K, 0.1 Torque constant (Nm/A)

5 Jm 1.0*10"-4 Rotor inertia (Kg.m2)

6 b, 1.0*10"-5 Mechanical damping (linear model of friction)

7 u 36 The rated voltage (V)

No. Automobile parameters

1 A 1000 * J,,, Vehicle inertia (1000 times the rotor) (Kg.m2)

2 by 1.0*10"-3 Vehicle damping (friction)- (N.m/(rad/s))

3 K 1.0%10"2 Spring constant for connection rotor/drive shaft (N/m)

4 b 0.1 Spring damping for connection rotor/drive shaft (N.m/(rad/s))

5 " 0.005 Gear.ing ratio between motor and tire - meters travelled per radian of motor
rotation (m/rad)

6 . 2 The time constant of a lag between motor torque and car velocity. This lag is a

simplified model of the power train. (sec)

Published by Arab Journals Platform, 2021
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Ji
Jm K
7 VAW g
" | DCMotor Load
BN \
f/l/" b 77 7 1T \
bm b
|
/77
Tire Damping
Fig. 2 - Free body diagram of EV.
The equations representing this EV dynamics and state-space model can be summarized as follows:
Firstly, the motor electrical circuit.
di .
U = Ly o+ Ryl + Kywi, (1)
4 _Rm, Kp X
il . @)
Secondly, the dynamics of the motor shaft.
aw s
]md—tmzKtl_mem_b(Wm_Wl)_K(Qm_Ql) (3)
dwpm Kt . (bm+b) K b K
I M Wy = — Oy + — Wy +—0 4
at  Jm Jm ™ ™ dm w1 @
Om _
ac  Wm (6)
Thirdly, the dynamics of the load.
dw
1 d_tl = bWy, —wy) + K(0p, — 01) — bywy (7
d
J1 2= bWy + KOy — (b + by)wy — K6, (8)
dw; _ b K (b+by) K
A = W+ — Oy — w, ——8 9
at o J1 oopt ( )
de;
=W (10)
Assume the relation between v and w,,, has been presented as a first-order system given by:
Z 4y = 1 W (11)
dt
w_n, 7
at T W1 T (12)
At steady state
v
n= i (13)
ds
E =V (14)
x=Ax+B.u (15)

https://digitalcommons.aaru.edu.jo/fej/vol2/iss1/4
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[~Em K 0 0 0 0]

L L

K =Gutt) K b K o

Jm Jm Jm Jm Jm

0 1 0 0 0 0 0
A= 0 b K oZ+bl) K5 (16)

J1 J1 1 1
0 0 0 1 0 0 0
0 0 0o o 2o
T T

L 0 0 0 0 0 1 o

1 T
B=[= 000 0 0 0 A7)
x=[i d8, 6, do, 6, v s|T (18)

This open-loop EV model was built by John Hedengren and was considered by Mathworks (Hedengren 2007). In this paper, the EV model has been
developed to a SIMULINK MATLAB file. The proposed SIMULINK model has been validated by comparing its results to Hedengren ones, which were
identical. Also, this validated model has been used in combination with the proposed controllers to illustrate the enhancement of the performance of the
considered EV.

The open-loop velocity response at the rated voltage has been obtained and shown in Fig. 3 shows. It can be noted that the vehicle velocity reaches 50 m/s
(180 km/hr) through 150 seconds, which is a long speeding up time.

Fig. 4 demonstrates the corresponding rotor current of the DC motor. It is clear that the current increases to 180 A and then decreases to 115 A.

60 T T T T

&n
=
T
1

E-%
=
T
1

Electric vehicle velocity (mfsec)
ha L]
= =

-
=
T
I

0 | 1 | 1
0 50 100 150 200 250

Time (seconds)

Fig. 3 - The open loop electric vehicle velocity response at rated voltage.
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180 b

160 b

140 4

120 1

100 1

80 y

Armature current of motor (A)

20 .

0 1 1 1 1
0 50 100 150 200 250

Time (seconds)

Fig. 4 - The corresponding rotor current at open-loop case.

3. Enhanced nonlinear PID controller

It is well known that the transfer function of the linear PID controller is K(s) = Kp + K;/s + K4s. Where K,,, K; and K, are fixed gains. These gains can
be defined as follows. K,, isthe proportional gain which attempts to reduce the error responses. K; is the integral gain and its role is to eliminate the steady-
state error. k, is the differential gain which decreases the overshoot of the system and also, it improves the system stability (Scientiarum 2017), (Mohamed
A Shamseldin, Eissa, and El-samahy 2015).

The linear fixed parameters PID controllers are often suitable for controlling a simple physical process but the demands for high-performance control
with different operating point conditions or environmental parameters are often beyond the abilities of simple PID controllers (Abdel Ghany, Shamseldin,
and Abdel Ghany 2017), (Zheng, Su, and Mercorelli 2019). The performance of linear PID controllers can be enhanced using several techniques that are
being developed to deal with sudden disturbances and complex systems, for example, the PID self-tuning methods, neural networks, and fuzzy logic
strategies, and other methods (Zhao and Ren 2016).

Among these techniques, nonlinear PID (NPID) control is presented as one of the most appropriate and effective methods for industrial applications.
The nonlinear PID (NPID) control is carried out in two broad categories of applications. The first category is particular to nonlinear systems, where NPID
control is used to absorb the nonlinearity. The second category deals with linear systems, where NPID control is used to obtain enhanced performance not
realizable by a linear PID control, such as reduced overshoot, diminished rise time for a step or rapid command input, obtained better tracking accuracy and
used to compensate the nonlinearity and disturbances in the system (M.A. Shamseldin, Ghany, and Ghany 2018), (Salim and Junoh 2017). The NPID
controllers have the advantage of high initial gain to achieve a fast dynamic response, followed by a low gain to avoid unstable behavior. In this study, the
traditional linear PID controller is enhanced by combining a sector-bounded nonlinear gain into a linear fixed gain PID control architecture.

The proposed enhanced nonlinear PID (NPID) controller consists of two parts. The first part is a sector bounded nonlinear gain K,, (e) while the second
part is a linear fixed-gain PID controller ( K,,, K; and K). The nonlinear gain K, (e) is a sector-bounded function of the error e(t). The previous researches
have considered the nonlinear gain K,,(e) as a one scalar value (M.A. Shamseldin, Ghany, and Ghany 2018).

In this research, the one scalar value of K, (e) will be replaced with a row vector which can be expressed as: K,,(e) = [Kn1(e) Kpo(e) Kps(e)], as
shown in Fig. 5. This will lead to improving the performance of nonlinear PID controller where the values of nonlinear gains will be adjusted according to
the error and the type of fixed parameters ( K, K; and Kj).

https://digitalcommons.aaru.edu.jo/fej/vol2/iss1/4
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Nonlinear Proportional Gain

»
B>

kni

Proportional Gain

Nonlinear Integral Gain
e 1 kn2

X B | u
Integral Gain L’ * —>

| 1/5 »| ki —>| +

Nonlinear Derivative Gain

» kn3

Derivative Gain
| S | kd

Fig. 5 - The NPID controller structure.

The proposed form of NPID control can be described as follows:

u(t) = Kp[Kny (). (0] + K; [ [Kya(e). ()] dt + Ky [Ky(e). 2

d

] 19)

Where K,,; (e), K,,,(e) and K, (e) are nonlinear gains. The nonlinear gains represent any general nonlinear function of the error which is bounded in the
sector 0 < K, (e) < K, (e)max.
There is a wide range of choices available for the nonlinear gain K,,(e). One simple form of the nonlinear gain function can be described as.

Ki(e) = ch(we) = w (20)
Wherei =1,2,3.
e le] < emax}
e= 21
A lel > ema @

The nonlinear gain K, (e) is lower bounded by K, (e)min = 1 when e = 0, and upper-bounded by K, (e)max = ch(w; €,,4,)- Therefore, e, stand
for the range of deviation, and w; describes the range of variation of K, (e) and the degree of nonlinearity for each parameter.
The performance of the PID and NPID controllers are highly affected by the values of their parameters. There are different approaches to find the
parameters of the PID controller, for instance, try and error and Ziegler-Nichols method but, most of these approaches do not usually give the best
results. In this paper, the harmony search optimization technique will be used to obtain the optimal values of both PID and NPID controller
parameters according to the objective function shown in Eq (22) (Mohamed A. Shamseldin, Sallam, Bassiuny, and Abdel Ghany 2019).

f > (22)

T (e )Myt re Pt tn)

Where ey, is the steady-state error, M,, is the overshoot of system response, t is the settling time and . is the rise time. Also, this objective function
is able to compromise the designer requirements using the weighting parameter value (). The parameter is set larger than 0.7 to reduce overshoot
and steady-state error. If this parameter is adjusting smaller than 0.7 the rise time and settling time will be reduced. Harmony search (HS) was
suggested by Zong Woo Geem in 2001 (Ebrahim and Bendary 2016). It is well known that HS is a phenomenon-mimicking algorithm inspired by
the improvisation process of musicians (Omar et al. 2016).

The initial population of Harmony Memory (HM) is chosen randomly. HM consists of Harmony Memory Solution (HMS) vectors. The HM is filled
with HMS vectors as follows:

[Kp(l,l) Kigzy Kias Wiae Waas) W3(1,5)]

Ky Kien Kiesn Wiesy Waes) Wsee)
HM = ’ ' ’ ' ' ' (23)

[Kp @ms)Ki ams2)Ka ims )W 1 (ams, )W 2 (1ims,s)Ws (HMS,G)J
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Harmony Memory Consideration (HMC) rule, for this rule a new number r1 is generated within the range [0 1]. If r1 <HMCR, where HMCR is the
harmony memory consideration rate, then the first decision variable in the new vector x,,,,;; is chosen randomly from the values in the current
HM as follows (Pathak and Sengupta 2020):

xl-"jew = Xij, Xij € {X1, X2, X3, wen oo s Xums} (24)
The obtained decision variables from the harmony memory consideration rule are further examined to determine if it needs to pitch adjustment
or not. Anew random number r2 is generated within the range [0 1]. If r2 < PAR, where PAR is a pitch adjustment rate, then the pitch adjustment
decision variable is calculated as follows:

x" = x;; £ rand(0,1). BW (25)

where BW is a bandwidth factor, which is used to control the local search around the selected decision variable in the new vector. Random

initialization rule, If the condition r1 < HMCR fails, the new first decision variable in the new vector x,-"j"’w is generated randomly as follows:

X =1+ (uij — 1;;).rand(0,1) (26)
where 1,& u are the lower and upper bound for the given problem. After the harmony vector x{"®"} is generated, it will replace the worst harmony
vector x0Tt} in the harmony memory if its objective

function value is better than the objective function value of the worst harmony vector. Fig. 6 demonstrates the Harmony search tuning system flow

chart.

Start

{

Set the initial values of the parameters
HMS, HMCR, PAR, BW, NI

v

Generate harmony search vectors xij

randomly
Where i=1,....,HMS and j=1,...,.n
No
Xij)new = Lij + (Uij = Lij).rand(0,1)
yes
Xij)new=Xij , Xij € {x1,x2,x3,.....,XHMS]}
No
yes
Xij)new = Xij * rand(0,1).BW
No
Xij)new < Xij)old
Update Harmony

Iteration<NI
Memory HM

Apply Multidirectional
Search on The best Solution

Fig. 6 - The harmony search flow chart.
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The HS tuning system parameters and the search range of each controller parameters are demonstrated in Table 2. These ranges are selected based

on Ziegler and Nichols method by increase and decrease the obtained value for each parameter.

Table 2. Harmony search tuning system parameters.

Technique Parameters Value
HMCR 0.98
HS PAR 0.3
BW 0.01
Ky Range [0 - 50]
PID controller K; Range [0 - 50]
Kq Range [0 - 50]
K, Range [0 - 50]
wy Range [0 - 1]
K; Range [0 — 50]
NPID controller
w, Range [0 - 1]
K, Range [0 - 50]
w3 Range [0 - 1]

Fig. 7 and Fig. 8 illustrate the convergence curve of the NPID controller parameters to optimal values through the HS tuning system.

o ' '
£ 40
: _ -
5 |
Q
£ 35 -
.g'-' =
g 30 : ] L i
= : 1
£ . ’ |
=] H i
@ 25 E 1 l i
g : : L
£l | 1 1
c 200 ¥i i : I
e | |fg——nil |
- H :-'
g H 5 ; fp= =
g 10 | §f : : ’ ]
o : :
= P S ] v
Z 50|l I
o) - |
< P ———— Kd
= 0 Lt i
0 50 100 150

Iteration No.

Fig. 7 - The change of K,,, K;, and K, through the HS tuning operation.

Published by Arab Journals Platform, 2021



Future Engineering Journal, Vol. 2, Iss. 1 [2021], Art. 4

10 Future Engineering Journal 2 (2021) 2314-7237

-—-—-ﬁ““““

JETIIIIIIIIEN
[=7]

c w1 r

= 09r "y 8
E sy 2 ?'f:

- ——— 3 r i
E U_B E.....

- H

'E..‘ 0.7 - :.....: _
= :

] H

T ]

£ 06 : -
o :

£ 05 : 1
o :

= :

[F] H

E l]'.4 I E b
2 NN NN NN N EEEEEEEEEEEE -=

E

o

Ly]

j=1

Q

o

=

]

£=

[

0.3 e L L LT e .
|
0.2 '! .
L
0.1 : -
1 ]
0 . . =

0 50 100 150
Iteration No.

Fig. 8 - The EV velocity response at fixed reference speed.

Table 3 illustrates the obtained values of parameters through the optimization operation.

Table 3 - Optimal Controllers Parameters.

Controller Type Controller parameters
Ky K; Kq
PID Controller
10 0.01 56
K, wy K; wy Kq w3
NPID Controller
40.5 0.01 15.05 0.96 11.034 0.04

4. Simulation results

This section demonstrates the EV performance using conventional PID control and the proposed control technique. Two tests will be implemented:
in the first test, the driver adjusts the EV at a fixed reference speed while in the second test the driver will change the reference speed continuously.
This is to investigate the robustness of the controller.

Fig. 9 shows the EV velocity response at a fixed reference speed in case of using PID & NPID. It can be noted that the NPID control has a faster
response, smooth behavior, no overshoot, and zero steady-state error. The EV can reach the required speed in 14 seconds. In contrast to that, the
PID control has a slow response and high steady-state error (6%).
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Table 4 illustrates a detailed comparison between the NPID controller and the PID controller. It can be noted that the NPID controller reaches the
steady-state speed at 38.12 seconds while the PID controller steadies at 44.68 seconds. Furthermore, the NPID controller has a 0.5% steady-state
error however, the PID controller has a 4% steady-state error.

Fig. 10 demonstrates the corresponding armature current of the motor in both two controllers. Fig. 11 shows the traveled distance through the
test. It is obvious that the EV with NPID control travels more than the conventional PID control.

55‘ T T T T T T T T T

5“ — - o - o
o e e e
'#-

45 + L 1
40+ :
35| :
20 _
25| —
20} :

15 7

Electric Vehicle Velocity (m/sec)

== == :Velocity Reference
5 ====:P|D Controller 4
NPID Controller

u 1 | 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Time (Seconds)

Fig. 9 - The EV velocity response at fixed reference speed.

Table 4 - The proposed controller’s performance.

Performance PID controller NPID controller
t, (s) 29.04 29.01

ts(s) 44.87 38.12

e (%) 4% 0.5%

M 0 0

14
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In the second test, the driver will change the reference speed continuously. Fig. 12 illustrates the EV velocity response at different commands of
reference speed. It is clear that the NPID control can track accurately the reference speed without overshoot and steady-state error. PID control
has poor tracking performance (slow response and high steady-state error). Also, Fig. 13 shows the Instantaneous error through the staircase test.
It is obvious the NPID can absorb the disturbance caused by the continuous change in operating points. Also, the NPID controller can reduce the
root mean square of error by 30.1% compared to the PID controller.

Fig. 14 demonstrates the corresponding armature current of the motor through this test. It is noted that the current increases highly at each change
in reference speed. Fig. 15 shows the traveled distance through the different commands of the reference speed test. It is clear that the EV at NPID
control moves distance more than the conventional PID control.
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Fig. 12 - The EV velocity response at different commands of reference speed.
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Fig. 15 - The traveled distance through the continuous change of reference speed test.

5. Conclusion

An advanced proposed technique for nonlinear PID control was developed. The main objective of the proposed controller is to follow a preselected reference
speed of an electric vehicle (EV). A validated MATLAB/Simulink model was considered. A DC permanent magnet motor with a mechanical transmission
was taken into account. Two tests were performed, the first test was realized at fixed reference speed while the second one was applied at various commands
of reference speed (Staircase). The simulation results proved that the proposed control technique has promising improved performance compared to
conventional PID control. Also, the NPID controller technique can track accurately the reference speed where it has almost zero steady-state error and fine
attitude.
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